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Reverse micellesIn the present study, a thermodynamic analysiswas performed using an isothermal titrationmicrocalorimeter to
measure changes in the enthalpy of mixing (ΔmixH) of water in microemulsion systems formed by soybean
lecithin, isooctane and butanol. These energies were important to determine the driving forces associated with
the formation of reverse micelles. It was observed that the titration curves of water in pure isooctane and in
isooctane with soybean lecithin present values of ΔmixH equal to−9.46×10−3 kJ/mol and−5.68×10−3 kJ/mol,
respectively. This shows that water does not form intermolecular interactions with these components.
Exothermic behavior, with values of ΔmixH ranging from +2.17 kJ/mol to−1.63×10−2 kJ/mol, was observed
from the titration curve of water in systems formed by soybean lecithin, isooctane and butanol. These values
were associated with the water dissolution process, where the formation of reverse micelles had been observed
in the evaluated systems. Differences in behavior ofΔmixH for thewater curveswere observed in systems formed
by butanol and soybean lecithin, only pure butanol and butanol with isooctane. The curve of the system
containing soybean lecithin, butanol and isooctane clearly shows that the formation of aggregates occurred in
this system (reverse micelles). Finally, it was also noted that soybean lecithin did not suffer any degradation
process, since the energy involved in the process of water titration in the systems containing the same substance
was considered low. Thus, soybean lecithin may be used without problems in this type of system.
2012 Elsevier Ltd. Open access under the Elsevier OA license.©1. Introduction
Over the past decades microemulsions have been widely studied,
mainly due to their potential applications in diverse ﬁelds including
preparation of nanoparticles with electrochemical and catalytic pro-
perties, separation of water-soluble and lipid soluble substances,
fat-soluble vitamins and other lipid compounds by electrokinetic chro-
matography or liquid chromatography, enhanced oil recovery, liquid–
liquid extraction, removal of contaminants from solid surfaces and
capillaries from tissues in the pharmaceutical and cosmetic industries
(Hellweg, 2002). The growing interest in microemulsions for cosmetic
and pharmaceutical applications has been linked to its physical
properties of thermodynamic stability, spontaneous formation, clear. Reis), bonomorcf@pq.cnpq.br
e Souza), luhen@ufv.br
so), lminim@ufv.br
.
evier OA license.appearance, low viscosity and high solubilization capacity (Malmsten,
2002; Schmidts et al., 2009).
Microemulsions are composed of water–oil-surfactant and some-
times alcohol as a co-surfactant. These systems have been the subject
of extensive research in recent decades, mainly due to their high
solvent potential (Solla-Gullón, Rodes, Montiel, Aldaz, & Clavilier,
2003; Patel, Schmid, & Lawrence, 2006).
The use of alcohol as a co-solvent in the preparation of mi-
croemulsions has a long history. Alcohol is added to ionic surfactants
to compensate the salting-out effect, reducing the interaction of pro-
teins with water caused by the solvation of ions in saline solutions.
This effect is demonstrated by a mild turbidity of the solution. In
the case of nonionic surfactants, the alcohol typically plays the role
of balancing interactions of this surfactant with water and the
organic solvent, thus decreasing the interfacial tension between oil
and water phases which is often elevated by the commercial surfac-
tants (Gradzielski, 1998). Alcohol can change the spontaneous curva-
ture of the surfactant ﬁlm when its penetration into the interface is
sufﬁcient to increase the ﬂexibility of the interface (alcohol as
Fig. 1.Deﬂections corresponding to the change of power bymaking consecutive injections
of water in isooctane/soybean lecithin/butanol.
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phases (alcohol as a co-solvent) (Shevachman, Shani, & Garti, 2004).
Lecithin (phosphatidylcholine) is a natural phospholipid found in
the composition of most organisms, accounting for more than 50%
of the lipid matrix of biological membranes. The behavior of lecithin
in water and organic solvents is of great interest for several reasons.
Because lecithin is viewed as a fully biocompatible substance, it is
widely used in many areas as a surfactant for systems in which
water and oils are used in food and feed, medicines, cosmetics and
pharmaceutical products (Angelico et al., 2004).
Several studies have been performed on soybean lecithin mi-
croemulsions due to the formation of nontoxic microemulsions
(Papadimitriou et al., 2008). The workgroup of Angelico et al. has
conducted numerous studies using soybean lecithin microemulsions
in different organic solvents such as isooctane, decane, cyclohexane
and others, mainly for evaluating the phase behavior of such systems
(Angelico et al., 1998, 1999, 2000, 2002, 2004). Investigation of the
phase behavior of soybean lecithin microemulsions composed of
triacylglycerol and water with different types of alcohol was
performed by Leser et al. (1996). It is observed that alcohol acts as a
co-solvent in the formation of reverse micelles in the evaluated sys-
tems. Caboi et al. (2005) evaluated the use of butanol in systems com-
posed of lecithin, tripalmitin, water and oil, verifying the fact that the
presence of butanol promotes the formation of a vast isotropic liquid
phase in the phase diagram of this system, indicating that butanol
helped to stabilize this system by acting as a co-surfactant in the for-
mation of reverse micelles.
Despite the fact that soybean lecithin is widely used in the stabiliza-
tion of mixtures of water and edible oils, formulation of drugs and
cosmetics (Corswant, Thor´En, & Engstrom, 1998), and extraction of
biomolecules using reverse micelles (Hasmann, Gurpilhares, Roberto,
& Pessoa, 2007) the calorimetric thermodynamic study of systems
containing soybean lecithin, water, organic solvent (isooctane) and
alcohol (butanol), in order to evaluate the energy of the reaction
involved in the process of micelle formation of such a system, has not
been performed. Therefore, the aim of this study was to determine the
amount of energy involved in the micelle formation process of soybean
lecithin in systemswithwater, isooctane and butanol, using the isother-
mal titration microcalorimetric (ITC) technique.
2. Materials and methods
2.1. Materials
Soybean lecithin was purchased from Cargill Brazil (Sao Paulo—
Brazil) with 85% of purity (phosphatidylcholine), 8% of phosphati-
dylethanolamine, 6% carbohydrates and 1% moisture. The solvents
isooctane and butanol were purchased from Vetec Quimica Fina
(Rio de Janeiro—Brazil). All reagents used were of analytical grade.
2.2. Measurement of turbidimetric titration
One milliliter of a solution containing soybean lecithin, isooctane
and butanol was placed in a 4 mL tube that was maintained at a tem-
perature of 25 °C. Soybean lecithin concentrations varied from 1.00 to
20.00% (w/w). The solvent concentrations were ﬁxed in relation to
each other at 70.00% (w/w) of isooctane and 25.00% (w/w) for buta-
nol. To this solution 2 μL aliquots of distilled water were continuously
added until the appearance of turbidity in the resulting solution. This
system was left at rest (15 to 30 min) until the appearance of two
clear phases. The amount of water added to each system to cause
the appearance of two phases was registered. This procedure was
repeated for each tube containing the systemwith increasing concen-
trations of lecithin in isooctane and butanol, totaling to 20 tubes at
the end of the experiment. From the values of the amount of water
solubilized in each system it was possible to obtain a solubilitycurve for water in solutions containing soybean lecithin (1.00 to
20.00% w/w) in isooctane and butanol.
2.3. Microcalorimetric study of the system
Measurements of the changes in enthalpy of mixing, ΔmixH, were
obtained using an Isothermal Titration Microcalorimeter (CRC,
Model ITC 4200, USA). The microcalorimeter consists of a pair of
cells with a capacity of approximately 1.8 mL; into which one of
them, the reaction cell, the sample to be titrated was placed, while
the other cell contained a reference sample. Surrounding these cells
is a system of thermopiles sensitive to small energy ﬂuxes in the
form of heat. A syringe was used to add 1 μL of water at 3600 s inter-
vals into the reaction cell. At the same time, the solution was stirred
at 300 rpm and at a temperature of 25 °C. The experiment was divid-
ed into six thermodynamic cycles, with the molecular relationship
among the components always equal to that used in the ﬁrst cycle.
The ﬁrst cycle consisted of a system containing soybean lecithin
(5.00% w/w) in isooctane (70.00% w/w) and butanol (25.00% w/w).
In the second cycle, soybean lecithin+isooctane was used, while in
the third cycle the reaction cell was ﬁlled with lecithin+butanol. In
the forth cycle, the system used was composed of butanol+
isooctane. In the ﬁfth cycle, the reaction cell was ﬁlled with pure
isooctane. Finally, in the last cycle, pure butanol was used and titrated
with water.
Each measurement of energy ﬂow creates a peak that represents
the change in energy associated with the injection of a small volume
of water to the analyzed system (Fig. 1). As the analyzed system
reaches saturation, the released energy signal decreases until it
reaches full saturation. By integrating the area of each peak (energy
released over a period of time) the measurement of ΔH is obtained
(in units of joules per mole of water) from the reaction of water
with the components of each evaluated system.
3. Results and discussion
3.1. Diagramof water solubility in the ternary system composed of soybean
lecithin–isooctane–butanol
The addition of water in pure isooctane or isooctane with soybean
lecithin produces a biphasic system in which even small amounts of
water (1 μL) is separated from the organic solvent, regardless of the
presence of soybean lecithin. However, the presence of butanol
results in increased miscibility of water in the ternary system. Results
of the measurements of water solubility in the system formed by
isooctane 70.00% (w/w)/butanol 25.00% (w/w) with different con-
centrations of soybean lecithin are shown in Fig. 2.
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obtained from the initial appearance of turbidity, the water added
forms a homogeneous system with the lecithin–isooctane–butanol
mixture. This diagram of solubility contains important information
indicating the boundary region for employing macroscopically homo-
geneous systems. Thus, for a given concentration of soybean lecithin,
butanol and isooctane, it provides the maximum amount of water
that this system can solubilize.
Initially, in the region where the lecithin fraction is between 0.01
and 0.05, the amount of added water is constant and equal to
7.70×10−4 mol of H2O per mL of the ternary system. This initial incor-
poration of water is due to the presence of butanol that interacts with
water molecules via hydrogen bonds. To conﬁrm this hypothesis,
water molecules were added to a binary system formed by butanol
and isooctane at the same proportions used in the ternary system.
This binary system could incorporate the same 7.70×10−4 mol H2O
per mL of solution.
When the soybean lecithin fraction is 0.05 there is an increase in the
solubility of water in the lecithin/isooctane/butanol system, which con-
tinues until the fraction of 0.17w/w of soybean lecithin. This increase in
the miscibility of water is indicative of the occurrence of a cooperative
thermodynamic process that occurs in this range of lecithin concentra-
tion. The same results have been encountered in literature for similar
ternary systems: lecithin–water–isooctane and lecithin–water–decane
(Angelico et al., 2004), lecithin–water–cyclohexane (Angelico et al.,
2000), lecithin–water–butanol and lecithin–water–propanol (Kahlweit,
Busse, & Faulhaber, 1995), lecithin–water–butanol–tripalmitin oil
(Caboi, Lazzari, Pani, & Monduzzi, 2005), and lecithin–water–butanol–
triacylglycerol (Leser, Evert, & Agterof, 1996). This new thermodynamic
process may be linked to a self-aggregation process of lecithin and buta-
nol molecules forming reverse micelles in which butanol plays a role as
a co-surfactant, stabilizing the formed nanostructures.
The concentration at which there occurs an abrupt increase of water
solubility in the ternary system is called the CriticalMicelle Concentration
(CMC), which indicates the concentration range in which the aggregate
formation process begins, with water molecules in their interior. Aggre-
gates consist of butanol and lecithin molecules surrounding water with
their hydrophilic regions towards the interior of the aggregate and their
hydrophobic regions oriented towards the isooctane solvent.
The self-aggregation process of molecules in the ternary system
occurs to minimize the Gibbs free energy of the system. This thermody-
namic parameter comprises two motriz powers: an entropic contribu-
tion which is proportional to the natural logarithm of the number of
distinguishable ways in which the molecules in the mixture can be
arranged. The second contribution, referred to as enthalpy, expressesFig. 2. Diagram of solubility of the water in the ternary system lecithin− isooctane−
butanol at 25 °C in the function of soybean lecithin concentration. The relation of
isooctane−butanol was kept constant and equal to 70%–25%.the intermolecular interaction changes due to the formation or disrup-
tion of effective pair-wise present in different microenvironments
(Johansson, Karlstrom, Tjerneld, & Haynes, 1998). In order to measure
enthalpy contributions to the process of reverse micelle formation,
measurements were acquired for the variation of enthalpy of mixing
associated with the addition of water to the ternary system lecithin/
isooctane/butanol.3.2. Measurement of enthalpy of mixing
In order to analyze the contribution of enthalpy to the thermody-
namics ofmixingH2O in the ternary system isooctane–butanol–soybean
lecithin, ITCmeasurementswere obtained corresponding to consecutive
addition of small amounts of water (1 μL) to the following systems:
i) lecithin/isooctane/butanol; ii) isooctane/soybean lecithin, iii) butanol/
soybean lecithin; iv) isooctane–butanol, v) pure isooctane and vi) pure
butanol. The enthalpy change determinationmakes it possible to describe
the thermodynamic process in terms of molecular interaction energy,
behind the aim to determine the temperature effect on the thermody-
namic behavior. As it is well known, endothermic process (ΔmixH>0)
should be favored by temperature increase. The system containing
isooctane+butanol+soybean lecithin was composed of 5.00% (w/w)
soybean lecithin, 25.00% (w/w) butanol and 70.00% (w/w) isooctane.
For each solution studied, the molar ratio between the components was
maintained constant. This composition was chosen based on the work
of Kahlweit et al. (1995) and the results of turbidimetric titration. The
molar ratio was kept constant in order not to alter the response of the
system due to an increased amount of a particular component.
Fig. 3 shows the enthalpy of mixing of water in the ternary system
composed of isooctane+butanol+soybean lecithin. The enthalpy of
mixing of water in this ternary system indicates that it is an endother-
mic process that absorbs +2.17 kJ/mol when 1 μL of water is added
to 1.8 mL of the isooctane–butanol–lecithin mixture. When an in-
creasing amount of water is added, the absorbed energy becomes
smaller. Therefore, it shows the occurrence of an exothermic thermo-
dynamic behavior associated with the water dissolution process in
this ternary system. After the addition of 22 μL of water, the enthalpy
of mixing is close to 0 kJ/mol.
Turbidimetric titration experiments showed that after adding
22 μL the system composed of water/isooctane/butanol/lecithin
becomes biphasic. The analysis of these two results showed that the
thermodynamic process of phase separation is not responsible for
the enthalpy of mixing of the system observed when the amount of
water added was less than 22 μL. Thus, the variation in enthalpy ofFig. 3. Variation of enthalpy of mixing with the titration of water in isooctane+
butanol+soybean lecithin, isooctane+soybean lecithin, butanol+soybean lecithin,
isooctane+butanol, pure isooctane and pure butanol.
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attributed to the formation of reverse micelles described above.
Formation of reverse micelles occurs with a release of energy less
than−2.00 kJ/mol, indicating an enthalpy contribution to the aggrega-
tion of lecithin, butanol and water molecules. This small amount of
energy indicates that there is no chemical bond formation or breaking
during the aggregation process, discarding any lecithin molecule
decomposition in the evaluated system. Values of ΔmixH measured in
the ternary system involving the breaking and formation of
intermolecular interactionswere: breaking H2O–H2O, butanol–butanol,
isooctane–isooctane, and lecithin–lecithin; and forming H2O–butanol,
H2O–lecithin, butanol–lecithin, lecithin–isooctane and butanol–
isooctane. In order to discriminate the contribution of each of these
interactions to the measured values of ΔmixH, experiments were
performed for systems containing different combinations of the compo-
nents in the ternary system.
Fig. 3 shows the variations in enthalpy of mixing of water in
the following systems: i) isooctane+butanol+soybean lecithin,
ii) isooctane+lecithin, and iii) isooctane. By titration of water in
pure isooctane, it was observed that there was practically no change
in ΔmixH, obtaining values close to −9.46×10−3 kJ/mol H2O. Turbi-
dimetric titration experiments showed that even the addition of
1 μL of water promotes the formation of a biphasic system in which
one phase is rich in water and the other is rich in isooctane. The calo-
rimetric results associated with turbidimetric measurements show
that the interaction of water molecules with isooctane molecules is
thermodynamically unfavorable, leading to phase separation process-
es that release very small amounts of energy (≅9.38×10−3 kJ/mol).
Therefore, it may be concluded that the isooctane–isooctane and
isooctane–H2O interactions do not contribute to the reverse micelle
formation process. The same results were obtained when water was
titrated into the isooctane+soybean lecithin system (white triangles
data), clearly showing the necessity of the presence of a co-surfactant,
butanol, in the system to promote the aggregation process of butanol
and lecithin molecules to form reverse micelles.
Fig. 3 still shows the variations in enthalpy of mixing of water in
the systems composed of: i) isooctane+butanol+soybean lecithin,
ii) butanol+lecithin; and iii) butanol. From the titration of water in
pure butanol, it was observed that there was a change in ΔmixH with-
in the range of +2.21 kJ/mol H2O to +1.12 kJ/mol H2O. This varia-
tion of enthalpy is associated with the disruption of H2O–H2O and
butanol–butanol intermolecular interactions and the formation of
H2O–butanol interactions.
The fact that these enthalpies are positive is due to the fact that
release of energy caused by the formation of interactions is smaller
than the energy absorbed in breaking them. It is thus concluded that
the H2O–butanol interaction is less intense than that of H2O–H2O.
After adding 70 μL of H2O to 1.8 mL of butanol the phase separation
process was observed, where there was no abrupt change in the curve
ΔmixH×Vol H2O for this critical point. The calorimetric results associat-
edwith turbidimetric measurements show that the interaction of water
molecules with butanol molecules is thermodynamically favorable, in
which water molecules interact with butanol molecules via hydrogen
bonding. Similar results were obtained when water was titrated into
the system composed of butanol+soybean lecithin (ΔmixH ranging
from+2.16 kJ/mol H2O to +0.94 kJ/mol H2O). It is clear that the pres-
ence of soybean lecithin in the system did not cause intermolecular
interactions signiﬁcantly different from those occurring between buta-
nol and H2O. Thus, it is concluded that for this type of system the
water–butanol interactions predominate due to their thermodynamic
spontaneity, with a low contribution of soybean lecithin to the sponta-
neous mixture of water in this binary system. However, it can be ob-
served in Fig. 3 that the presence of three components (soybean
lecithin/isooctane/butanol) permitted the occurrence of a thermody-
namic process different from that of the binary mixture and in pure
butanol. This new process can be attributed to the formation of reversemicelles containing an interior rich in water molecules, surrounded by
lecithin and butanol molecules, solvated in isooctane molecules. This
data shows that the process of micelle formation is exothermic, as can
also be observed from the enthalpy increase.
Fig. 3 shows also the variations in enthalpy of mixing of water in
systems composed of: i) isooctane+butanol+soybean lecithin, and
ii) isooctane+butanol. Finally, the titration of water in the system
composed of isooctane+butanol was performed. In this system,
the value of ΔmixH of water ranged from 4.80 kJ/mol H2O to
1.20×10−1 kJ/mol H2O. It was noted that for the ﬁrst 22 μL of
water added to this system a sudden variation in enthalpy of the
mixture occurs, which becomes less endothermic, demonstrating
the occurrence of a thermodynamic exothermic process as the
concentration of water in this system increases. After exceeding
22 μL of water added to the system the process of phase changing
begins, since the difference in energy of the mixture of water is
practically null. This last curve is not similar to the titration curve of
butanol, because the isooctane molecules interfere with the interac-
tion of water molecules with butanol molecules. Some type of struc-
tural modiﬁcation to the butanol with water molecules may occur
that leads to a considerable expenditure of the mixture energy.
The difference in behavior between the curves of the system
containing isooctane+butanol+soybean lecithin (blue curve) and
that containing isooctane+butanol (green curve), as previously
mentioned, indicates that with the addition of water to the ternary
system there occurs a modiﬁcation to the structural orientation of
the molecules of all system components. In this case the reverse
micelles, formed by the lecithin molecules act as a surfactant, butanol
molecules act as a co-surfactant, water molecules are secured within
the micelles and isooctane plays the role of an organic solvent. If the
formation of reverses micelles does not occur, the thermodynamic
behavior of the titration curve for water in the ternary system
would be equal to the curve of the system containing isooctane+
butanol or that containing butanol+soybean lecithin.
The study showed that soybean lecithin can be used as a surfactant
in microemulsions consisting of isooctane, butanol and water. Because
the energy involved in the formation process of this microemulsion
was low, no values were signiﬁcantly above 2.00 kJ/mol H2O. This is
an indicator that there is no deterioration process of soybean lecithin,
such as oxidation, which is often the largest problem involving systems
containing soybean lecithin.
4. Conclusion
Analyses of turbidimetric and calorimetric titration presented the
behavior of microemulsions composed of isooctane–butanol–soybean
lecithin and water, indicating that water molecules interact with
butanol and soybean lecithin molecules to form aggregates, in this
case reverse micelles. Moreover, the study showed that soybean
lecithin suffers no alterations to its structure, such as oxidation,
since the energy involved in the formation of micelles is considered
inferior to that observed in processes involving breaking and forma-
tion of chemical bonds. Therefore, it is inferred that soybean lecithin
can be used in systems consisting of isooctane–butanol and water.
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